Abstract. Loose rockwool had a total porosity similar to peatmoss (92%, by volume) but with water retention capabilities similar to sand. Root media formulations containing loose rockwool were tested with seven plant species for plant response and nutrient uptake. The volume percent formulation, 20 rockwool : 10 peatmoss : 20 vermiculite : 45 pine bark : 5 perlite, was superior to formulations containing 10% or 30% rockwool. Plant response in this rockwool medium in bedding plant flats was superior to that in two high-performing commercial media for impatiens (Impatiens sultanii Hook), marigold (Tagetes patula L.), and petunia (Petunia hybrida Vilm) and equal to one commercial medium for tomato (Lycopersicon esculentum Mill.). However, response of chrysanthemum (Chrysanthemum × morifolium Ramat.), geranium (Pelargonium × hortorum Bailey), and poinsettia (Euphorbia pulcherrima Willd. ex Kl.) in 1.58-liter pots was inferior to both commercial media in one-half of the trials. Differential plant responses in the root media treatments did not relate directly to differences found to occur in plant nutrient composition. The high initial pH level of rockwool necessitated reduced application of limestone and increased application of calcium sulfate to offset Ca deficiency.
Rockwool is an inert, rock-based fibrous material used in the insulation industry. Rock, coke, and other materials are liquified at 1600C, spun into fibers and used as "blowing wool insulation" or processed into various shapes with binders. Rectangular block forms manufactured with surfactant to increase wettability have been used successfully as root substrates for vegetable and cut flower production in Europe (Hamrick, 1985) . Loose wool has been shown to have potential for containergrown plants both as a component in potting mixes (Hanan, 1983) and as a single component medium for geraniums (Lee and Goldsbury, 1988) , pot chrysanthemums (Lee et al., 1987a) , and poinsettia (Lee et al., 1987b) . The objectives of this study 'were to examine the physical properties of rockwool and the plant growth response to media amended with loose rockwool.
Materials and Methods
Loose, nongranulated rockwool was obtained from Fibrex Inc. (Aurora, Ill.) , with particles ranging from 3.2 to .6.4 mm in length. Four experimental formulations, similar in composition to nonrockwool-containing commercial mixes, were blended using various volumes of rockwool, Canadian sphagnum peat, U.S. grade 3 vermiculite, aged pine bark (< 13 mm), and perlite Table 1 ). These were compared to two high-performing commercial root media, Metro Mix 350 (Grace-Sierra, Fogelsville, Pa.) and Ball Growing Mix II (Geo. J. Ball, W. Chicago, Ill.). The nutrient amendments to rockwool-containing media consisted of the following rates (kg·m -3 ): 3.6 dolomitic limestone, 0.6 gypsum, 0.5 phosphoric acid (85%), 0.6 potassium nitrate, and 0.6 calcium nitrate in Expt. 1; and 1.8 dolomitic limestone, 1.2 gypsum, 0.5 phosphoric acid (85%), 0.6 potassium nitrate, and 0.6 calcium nitrate in Expt.2. Inorganic micronutrients were Received for publication 22 Feb. 1989. Paper no. 12026 of the Journal Series of the North Carolina Agricultural Research Service, Raleigh, NC 27695-7643. The use of trade names in this publication does not imply endorsement by the North Carolina Agricultural Research Service of the products named, nor criticism of similar ones not mentioned. The cost of publishing this paper was defrayed in part by the payment of page charges. Under postal regulations, this paper therefore must be hereby marked advertisement solely to indicate this fact. Physicalproperties. Eight replications of six media were packed (Bilderback and Fonteno, 1987) in aluminum cylinders (7.6 × 7.6 cm). Data were collected for moisture retained at 10 moisture tensions from 0 to 30 kPa using a pressure plate apparatus and procedures of Fonteno et al. (1981) , Karlovich and Fonteno (1986), and Milks et al. (1989a) . After the measurement at 30 kPa, each sample was removed and bulk density determined by calculating its volume and weighing each sample after it was dried 24 hr at 105C (Klute, 1986) .
A nonlinear, five-parameter function developed for soils by Van Genuchten and Nielsen (1985) and adapted to horticultural media by Milks et al. (1989a) was used to describe the moisture retention data. The function is defined as (1) where is the mean percent moisture at saturation, is the mean percent moisture at asymptotic residual (taken to be 30 kPa), h is the log of moisture tension, and α, n, and m are predicted through iteration.
Using similar packing techniques, four replications of media 4, 5, and 6 (Table 1) were packed in cylinders 2.2 cm tall. Data for moisture retained on a measured volume basis were collected at a moisture tension of 1500 kPa, according to Klute (1986) and Milks et al. (1989b) .
Total porosity (TP) and unavailable water (UW) were equal to the volume wetness at saturation and 1500 kPa, respectively. Container capacity (CC) was predicted using the equilibrium capacity variables model developed by Bilderback and Fonteno (1987) and refined by Milks et al. (1989b) . Air space (AS) was calculated as the difference between TP and CC. Available water (AW) was calculated as the difference between CC and UW (Milks et al., 1989b) .
Plant growth. Two experiments were conducted to test plant response to rockwool-amended media. Experiment 1 consisted of all four rockwool-containing media, Metro Mix 350, and Ball Growing Mix II. Experiment 2 used only Ball II, Metro Mix 350 and medium 4 (20% rockwool, 10% peatmoss, 20% vermiculite, 45% pine bark, and 5% perlite). 'Yours Truly' geranium, 'Yellow Mandalay' pot chrysanthemum, and 'Dark Red Water was applied for each medium-species combination as needed, with 15% to 25% excess fluid. The greenhouse night heating set point was 17C and the day set point was 24C.
Root media and leaf samples were collected on the dates indicated in Table 2 . In all cases, the youngest, fully expanded leaves were sampled. Leaf tissue was washed for 1 min in 0.2 N HCl, rinsed in distilled water, and ground in a stainless steel Wiley mill to a particle size ≤ 1 mm (20-mesh screen). Tissue used for P, K, Ca, Mg, S, Fe, Mn, Zn, and Cu analyses was dry-ashed at 500C, dehydrated in HCl and finally dissolved in 0.5 N HCl. Tissue used for S and B analysis was handled in a similar manner, except that it was ashed in the presence of a solution of magnesium nitrate in methanol. Total N was determined by a Kjeldahl procedure that included a salicylic acid pretreatment to aid reduction of nitrate (Eastin, 1978) . Analysis of K, Ca, Mg, Fe, Mn, Zn, and Cu was by means of atomic absorption spectrophotometry. A turbidometric procedure was used for S in which barium sulfate was suspended with poly- vinyl pyrolidine (A.H. Hunter, personal communication). Colorimetric analyses were performed for P (Jackson, 1958) and B (Grinstead and Snider, 1967 ) and a UV/VIS spectrophotometer. Root media were extracted by means of the saturated soil extract procedure (Warncke, 1986) . The pH levels were determined directly on this extract. Colorimetric procedures were applied to this extract for nitrate (Cataldo et al., 1975) and for ammonium (Chaney and Marbach, 1962) . Urea was determined by the difference in results of ammonium analysis including and omitting urease from the test procedures (Chaney and Marbach, 1962) .
Plant height was measured from the root medium surface to the top of bracts or flowers for poinsettia and chrysanthemum, the top of the foliage for geranium, and to the average top of plants, including blooms, in entire flats for bedding plants. Plant diameters consisted of the average of two measurements made at right angles. Individual plant diameter was measured for geranium and poinsettia, while, for chrysanthemum, it was the collective diameter of all five plants in each pot. Fresh-weight measurements were made on the above-ground portions of plants only. Values reported are the average per plant weights of five chrysanthemum plants from a given pot, one geranium, one poinsettia, or 23 plants from each species of bedding plant. The number of geranium shoots included only those 8 cm or longer. Bract diameter of poinsettia included the diameter of the total bract mass on a given stem.
A randomized complete block experimental design was used consisting of six root media treatments, three species, and four blocks with six plants per plot in Expt. 1; in Expt. 2, three root media treatments, seven plant species, and six blocks with six plants per plot, or, in the case of bedding plants, one flat per plot, were involved. Data were subjected to an analysis of variance; where treatments effects were found, means were separated by the LSD test.
Results and Discussion
The moisture retention data for rockwool was regressed against moisture tension and compared to other more traditional components of container media (Fig. 1) . Rockwool held 92% (by volume) of water at saturation (0 kPa), similar to Canadian sphagnum peat. However, rockwool lost water very quickly as Moisture Tension (kPa) Fig. 1 . Moisture retention curves (from 0 to 30 kPa) for rockwool (3.2-to 6.4-mm particles), Cecil clay loam, Canadian sphagnum peat, concrete grade sand, horticultural grade vermiculite, and aged pine bark (< 13 mm).
pressure was applied and held only ≈ 2% moisture (by volume) at pressures ≥ 10 kPa. The ability of rockwool to hold water will vary with the size of the container. These data indicate that water content decreases faster in rockwool with increasing height above the container bottom than in peatmoss. Thus, similar water availability but much better aeration at the top of the container could exist for rockwool. This is an interesting new characteristic for potting media and may provide greater flexibility in their formulation. Sand has a similar drop-off in water content as rockwool, but does not hold as much water. Rockwool may provide unique moisture retention characteristics when blended with other medium components.
Additions of 10% to 30% (by volume) of rockwool to blends of other components (media 1-4) produced very similar moisture retention curves. Moisture retention characteristics of medium 4 (with 20% rockwool), Metro Mix 350, and Ball Growing Mix II are shown in Fig. 2 . Generally, the rockwool-containing media held slightly less water at all pressures from 0 to 30 kPa than the other two media. However, we judged the water retention properties of the rockwool-containing media as very good, similar to other commercially available media. Total porosity for the rockwool mixes ranged from 78% to 81%, while the commercial mixes were both 84%.
In Expt. 1, variation of rockwool percentage did not alter the air-and water-holding capacities among media 1 through 4. Medium 4 was then used again in Expt. 2 with Ball Growing Mix II and Metro Mix 350. In the 1.58-liter container, container capacity of the rockwool medium was 5% lower than that for Ball Growing Mix II and 20% lower than that for Metro Mix 350 (Table 3 ). The rockwool mix provided good air space (21%), similar to Ball Growing Mix II, while Metro Mix 350 provided slightly less. All three media held about the same amount of water beyond 1.5 MPa (23% ± 1%). While this unavailable water content was high compared to mineral field soil, it is typical of other organic media (Milks et al., 1989b) . Available water content ranged from 34% to 44% for the three media.
Total porosity and unavailable water are not functions of container size and therefore were not different in the bedding plant (BP) cells from values in the 1.58-liter containers (Table 3) . Container capacity, available water, and air space are affected by container height and changed in the shorter container (Klute, 1986) . Container capacities ranged from 70% to 78% (Table 3) and Ball II media, but reduced almost two-thirds in the finertextured Metro Mix 350. Growth measurements of chrysanthemums in both experiments are presented in Table 4 . Comparisons in Expt. 1 show that rockwool medium 3 performed poorest in all characteristics measured. Rockwool media 1 and 2 were, on the whole, nearly equal to each other and somewhat better than medium 3. The best rockwool medium was mix 4. In terms of plant height and width, medium 4 was equal to medium 5 (commercial); however, number of flowers produced, plant fresh weight, and quality ratings were lower for the rockwool medium. Medium 6 (commercial) outperformed all other media tested. In Expt. 2, rockwool medium 4 performed equal to medium 5 for all characteristics. Again, medium 6 performed better than the other media, except for plant width, where it was equal.
All media performed equally well for geranium in Expt. 1, with a few exceptions ( Table 5 ). The fresh weight of plants in medium 3 was lower than in all other media and the quality ratings of plants in media 3, 4, and 6 were equal to each other, and less than those in the remaining media. In Expt. 2, medium 6 was best in terms of all characteristics. Plants grown in rockwool medium 4 were as tall and wide and produced an equal number of shoots as plants in medium 5 but had a lower fresh weight and rating. Poinsettia growth in Expt. 1 was equal in all respects, regardless of medium (Table 6 ). In Expt. 2, growth again was equal, except that the fresh weight of plants grown in the rockwool medium 4 was lower, and the bract diameters of plants grown in media 4 and 6 were lower than in the others. Considering all three plant species tested, the best rockwool blend was medium 4, which contained 20% rockwool and 10% peatmoss. The poorest blend contained 30% rockwool and no peatmoss. Media 4 and 5 were fairly similar. Slight decreases in fresh weight and quality rating for medium 4 were not consistent over experiments and species. The height of impatiens and petunia plants grown in medium 4 were equal to plants in media 5 and 6 (Table 7) . While the fresh weights of plants in media 5 and 6 were equal, weights were higher in rockwool medium 4, which resulted in more desirable, stockier plants. Marigold plants increased in both height and fresh weight in the order media 6 → 5 → 4. Since plant proportion was maintained, the production time was shortest in the rockwool medium, making it the most desirable. Tomato plants in media 4 and 5 were equal in height and width. The height and width of plants in medium 6 were greater, thus presenting the possibility of earlier commercial production in that medium. In general, the growth of bedding plants in rockwool medium 4 was superior to commercial media 5 and 6, except for tomato, for which it was equal to medium 5.
The superior performance of the rockwool medium for bedding plants may relate to: 1) a lower water content in the rockwool medium, or 2) a shift in the phase distribution of air and water content within the medium. Either of these could be a decided advantage in the shallow bedding plant cells. There was Table 9 . Root media pH levels on various days after planting for four bedding plant species tested in both experiments. clearly more air content in the rockwool medium than in medium 6, which could improve seedling establishment. Although the air content of the rockwool medium was similar to that of medium 5, the container capacity and available water content was less in the rockwool medium. This relationship indicates a change in the way water is distributed within the container. The rockwool medium had greater air content in the upper region of the container and more water further down. This higher air content in the top portion of the container could provide a more favorable environment for root establishment. The occasionally poorer performance of the rockwool media for plants grown in 1.58-liter pots probably relates to lower soil solution retention, 380 Explanation of the different responses of chrysanthemum, geranium, and poinsettia plants to the media could not be found in leaf nutrient composition. Although tissue content differences did occur, the ranges of nutrient concentrations were within acceptable limits for the three species (Ball, 1985; Criley and Carlson, 1970; Ecke and Matkin, 1976; Hanan et al., 1978; Holcomb and White, 1982; Kofranek, 1980; Mastalerz, 1977; Nelson, 1985) . No consistent trends in nutrient concentrations could be found related to either the proportion of rockwool in the medium or to the comparison of rockwool media to commercial media. However, there were media pH effects on Mn and Zn concentrations to be addressed later.
Nutrient concentrations of the youngest fully expanded leaves of four bedding plant species tested in Expt. 2 are presented in Table 8 . All nutrient concentrations were adequate. No consistent shifts occurred in nutrient concentration of plants grown in the rockwool medium to account for departures in growth from plants in the commercial media, with the exception of Mn in marigold and Mn and possibly Zn in impatiens. The Mn level in marigold leaves of plants in medium 5 appeared to be high (963 mg·g -1 ); however, neither chlorosis nor necrosis symptoms, typical of Mn toxicity, developed. Leaf concentrations of Mn for impatiens in all three media were high. The highest level (2480 mg·g -1 ) occurred in the plants in medium 5 and was associated with symptoms that had progressed over 19 days. Recently matured leaves were affected first. These leaves were chlorotic, stunted, tended to curl down at the margin, and developed necrotic spots across the leaf blade, with the highest density along the margins. This syndrome is typical of Mn toxicity. Recently matured leaves on plants in medium 6 were slightly chlorotic, while only a few leaves in those of medium 4 were chlorotic. Plants in media 4 and 6 appeared to be at incipient levels of Mn toxicity and had leaf Mn concentrations of 1210 and 1080 mg·g -1 , respectively. Levels of Zn were also noted to be high in impatiens leaves. Whether this condition contributed to the overall symptoms cannot be ascertained because the upper critical Zn level is not known for this crop.
The initial pH levels (Table 9 ) of rockwool media 1 to 4 were higher than desired in Expt. 1, but quickly decreased to acceptable levels for chrysanthemum and geranium. In contrast, the pH levels in the media with poinsettia remained too high throughout Expt. 1. Commercial media 5 and 6 pH levels were in a desirable range in Expt. 1, except for poinsettia at 62 days after planting, when levels were too high. Differences in pH levels among the rockwool media or between the rockwool and commercial media were very small and do not explain the different responses obtained for chrysanthemum and geranium plants. While there were differences in pH levels among media with poinsettia in Expt. 1, there were no plant response differences.
The initial pH level of medium 6 in Expt. 2 was desirable and remained so for all plant species except chrysanthemum, for which it dropped to a low level at harvest time, and for geranium, where it was low only 15 days after planting. The pH of rockwool medium 4 was initially 6.7 in Expt. 2, which was much more desirable than 7.1 in Expt. 1. This difference can be explained by the decrease in limestone rate from 3.6 g·m -3 in Expt. 1 to 1.8 g·m -3 in Expt. 2. However, the pH levels generally decreased to lower levels in the second experiment. For chrysanthemum, the levels were too low, while, for all other plants except poinsettia, the pH levels were safe but close to the lower limit (Larson, 1980) . As in Expt. 1, pH levels in the media with poinsettia were higher than in the media for any other plants. Adequate levels of Ca were accumulated in all plant species grown in medium 4, most likely because calcium sulfate was incorporated into this medium during its formulation. Medium 5 was too low in pH at the start of Expt. 2, and remained so for all plants, which could explain its poorer performance compared to medium 6.
The abnormally high levels of Mn in Expt. 2 in marigold and impatiens and of Zn in impatiens (Table 8 ) relates well to the low media pH levels (Table 9) . Moderately high Mn, concentrations of ,363, 637, and 526 µg·g -1 dry weight were found in chrysanthemum leaves in Expt. 2 for media 4, 5, and 6, respectively. Tissue levels of Mn were highest in plants grown in medium 5, which also had the lowest pH levels. It is noteworthy that impatiens is a heavy accumulator of Mn and Zn, while marigold and chrysanthemum are moderately heavy accumulators of Mn.
The higher media pH levels that occurred with poinsettia indicated the possibility of unusually high nitrate accumulation. This was borne out in the first experiment (Table 10) . Although the same proportion of nitrate to ammonium was applied to each plant species and medium; the fraction of nitrate remaining in the soil solution was generally lower for poinsettia than for chrysanthemum or geranium. This difference indicated a higher affinity for nitrate in poinsettia. Thus, plant species can exert an effect on medium pH in addition to the effects of the physical components of the media.
Rockwool has excellent potential as a new component for container substrates. The physical properties of rockwool are unique among substrate components. The total porosity (0 kPa) of rockwool alone is higher than any other component or mix available for production, with peatmoss being the closest. Rockwool releases more water between 0 and 30 kPa than any of the other components or mixes. Rockwool has the lowest water holding content at tensions ≥ 30 kPa, with sand being the closest. These characteristics ultimately translate into a component that can increase both water-holding capacity and aeration.
The plants grown in the rockwool-containing mix (medium 4), on average, performed equally well as the commercial mixes. Growth responses across experiments and plant species ranged from slightly inferior. to slightly superior for medium 4. More work is needed to better define formulations of rockwool-containing substrates.
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